Link protein stabilizes the cartilage proteoglycan/hyaluronic acid aggregate by binding to both components. We screened a cDNA library prepared from rat chondrosarcoma mRNA in the Xgtll expression vector with monoclonal antibodies and polyclonal antisera to link protein.
We obtained a clone for two-thirds of the link protein cDNA and identified it based on its deduced amino acid sequence. There are four RNA transcripts for link protein, ranging from 1.5 to 5.5 kilobases in size. The deduced amino acid sequence for link protein shows two domains of 100 residues each, which share 44% homology; within each domain is a 19-residue stretch 74% homologous with its counterpart. This structure indicates that link protein may have been formed by gene duplication.
Link protein (Mr = 44,000-49,000) binds to proteoglycan and hyaluronate (1) (2) (3) (4) and stabilizes the proteoglycan/hyaluronic acid aggregation (5, 6) . There are at least two forms of link protein in most cartilages, Li and L2, which give identical peptide maps and crossreact immunologically (7) (8) (9) . Li (Mr = 49,000) is larger and more highly glycosylated than L2 (Mr = 44,000) (7, 10) . Link proteins also have been reported in aorta (11, 12) , eye (13) , and synovium (14) , based largely on immunological criteria, although the structural relationship among these species and their functions have not been fully established. The relative proportions of the different species of link protein, as well as their sugar compositions, vary between tissues (11, 12, 15, 16) . Link protein from rat chondrosarcoma also binds to native type I and III collagen in vitro (17) , indicating there may be other functions for this matrix protein than the stabilization of interactions in cartilage.
A partial protein sequence has been reported for bovine nasal cartilage link protein (18) and two sequences in rat chondrosarcoma link protein were shown recently to be homologous with a fragment of the large cartilage proteoglycan (19) . We have utilized the recent reports of link protein sequence (19) to confirm the identity of a cDNA clone for link protein from rat chondrosarcoma. Here we present the characterization of this clone, encoding approximately two-thirds of the link protein sequence. The gene is expressed as multiple transcripts, probably arising from alternate use of transcription termination signals. The deduced amino acid sequence contains a striking internal homology, indicating that this protein evolved by duplication of a coding segment.
MATERIALS AND METHODS
RNA Preparation. The Swarm rat chondrosarcoma (20) , maintained by serial transplantation in thigh muscle of Sprague-Dawley rats, was harvested at a tumor size of 20 g, and matrix-free cells were prepared (21) . Cell (27) were used to visualize positive plaques.
Hybridization Analysis. For Southern analysis, high molecular weight DNA was prepared, treated with restriction enzymes, and transferred to nitrocellulose after agarose gel electrophoresis, all as described (23) . RNA transfer blots of RNA were prepared by standard methods (23) with 2.5 ,ug of poly(A)-containing RNA or 20 ,ug of total RNA fractionated on 0.7% or 1% agarose/17.8% formaldehyde gels. Hybridization with 32P-labeled DNA fragments under stringent conditions was performed as described (28) . DNA probes were labeled by nick-translation or end-labeled with polynucleotide kinase using published procedures (23) .
DNA Sequencing. DNA fragments were cloned into the M13-derived vector Mpl8 and sequenced by the enzymatic chain-termination metfiod of Sanger et al. (29, 30) . Some fragments were also sequenced by chemical degradation methods (31) . Hybridization of nick-translated cDNA to poly(A)+ RNA from rat chondrosarcoma produces four strongly hybridizing RNA species of sizes 1.5, 2.1, 2.5, and 5.5 kilobases, estimated relative to rRNA markers (Fig. 1, lane 1) . There is no hybridization to rat embryo fibroblast RNA (Fig. 1, Fig. 1 ) hybridized to the same four mRNA species whether the fragment was taken from the middle of the clone (lane 3), the 3' untranslated region (lane 4), or the 5' end (not shown). It thus appears that all four of these transcripts contain most, if not all, of the sequence of this cDNA clone and do not represent proteins with only limited homology to link.
RESULTS
The cloned cDNA was also used as hybridization probe in analysis of genomic DNA from rat chondrosarcoma and rat liver (Fig. 2) The nucleotide sequence of this cDNA was determined by using the Sanger dideoxy-termination method (29, 30) and the Maxam-Gilbert chemical degradation procedure (31) . The sequence of the 778-base-pair cDNA and its deduced amino acid sequence are shown in Fig. 3 (18) that overlaps with the first 13 residues agrees with the cloned sequence (box A). The two recently reported (19) sequences for rat link protein (boxes B and C) match the deduced sequence for 42 of the 43 residues available for comparison. These sequence comparisons establish that this cDNA clone encodes a cartilage link protein.
The deduced sequence was analyzed by computer for intrachain homologous regions, with gaps in the sequence being allowed. Two contiguous stretches, each of 100 amino acids, were found to be 44% identical. These homologous regions are aligned in Fig. 4 . The underlined sequences are 74% identical. These sequences have been reported recently to also be homologous with a sequence of the bovine nasal cartilage chondroitin sulfate proteoglycan (19) thought to be derived from the hyaluronic acid-binding region.
A computer program based on the method of Garnier et al. (32) was used to predict the secondary structure of the deduced amino acid sequence. The data concerning homologies, location of cysteines, and the predicted structure are depicted as Fig. 5 TIC C6A GCA TAC AAC T1A GIG TGC CCT GGA GIC AGT TCT CGA GAT ACG T6A AAG TIT TT 1V TIT GIT TIT mr T TAA TAT GAA CEC AG (18); the other two sequences (boxes B and C) are from rat chondrosarcoma (19) . X signifies an undetermined residue. Numbers indicate amino acid position beginning at the amino terminus of the deduced sequence. The two highly conserved stretches are underlined.
predicted secondary structure. A model of link protein structure based on these assumptions is presented as Fig. 5 Lower. Two elongated stem-loop structures are postulated, with stems of a-helix and P-sheet structure, and the two 19-amino acid, highly conserved regions at the loops. These conserved regions are proposed to interact with the hyaluronic acid chain, and there is a cluster of basic residues adjacent to the carboxyl-terminal loop that would facilitate such binding. This deduced sequence contains no methionine or consensus acceptor site for N-glycosylation (Asn-Xaa-Ser or -Thr), consistent with the findings of Perin et al. (18) , whose sequence (amino acids [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] in Fig. 3 ) occurs in the carboxylterminal cyanogen bromide fragment of link protein, whereas glycosylation oflink is thought to occur in the amino-terminal cyanogen bromide fragment (7) .
Primer extension experiments (unpublished) using an oligonucleotide primer synthesized according to the link cDNA sequence show that the link protein mRNA has one major transcription initiation site, approximately 450 nucleotides upstream of the 5' end of this cloned cDNA. This means that the mature link protein has <150 amino acids additional to those reported here; the actual number is likely to be near (32) . The symbols underlie the regions of predicted structure, with the coil representing a-helix, the sawteeth representing f-or extended structure, and the asterisk representing turns or bends. The model in Lower is discussed in the text. 100, allowing for a signal peptide and 5' untranslated leader sequence.
DISCUSSION
A 778-base-pair clone to link protein cDNA was obtained by screening a cDNA expression vector library with antibodies to rat chondrosarcoma link protein. Its DNA sequence coded for a sequence of 229 amino acids, which matches with substantial portions of sequence determined for link protein from bovine nasal cartilage and rat chondrosarcoma. The cDNA hybridizes to four RNA transcripts of 1.5, 2.5, 3.1, and 5.5 kilobases in rat chondrosarcoma and normal rat chondrocytes. No such mRNA species were detected in rat embryo fibroblasts. There are several possible explanations for these multiple transcripts: they may arise from multiple genes that share all or only a portion of the link cDNA sequence (33, 34) ; precursor transcripts may be spliced differently (35) (36) (37) ; or alternative start (38, 39) and stop (40) (41) (42) sites for transcription may be employed. It is unlikely that there is more than one gene for link protein, judging by the pattern of genomic DNA restriction fragments hybridizing to link cDNA on Southern blots (Fig. 2) 
